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Reactive nitrogen and oxygen speciesThe Reactive Nitrogen and Oxygen Species (the so-called RNOS), which are well-known radicals formed in
the mitochondria under nitro-oxidative cell stress, are responsible for nitration of tyrosines in a wide variety
of proteins and, in particular, in cytochrome c (Cc). Only three out of the ﬁve tyrosine residues of human Cc,
namely those at positions 67, 74 and 97, have been detected in vivo as nitrotyrosines. However, nitration of
the two other tyrosines, namely those at positions 46 and 48, has never been detected in vivo despite they are
both well-exposed to solvent. Here we investigate the changes in heme coordination and alkaline transition,
along with the peroxidase activity and in cell degradation of Ccmutants in which all their tyrosine residues –
with the only exception of that at position 46 or 48 – are replaced by phenylalanines. In Jurkat cell extracts
devoid of proteases inhibitors, only the high-spin iron nitrated forms of these monotyrosine mutants are
degraded. Altogether the resulting data suggest that nitration of tyrosines 46 and 48makes Cc easily degradable
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Themitochondrion is the organellewhere oxidative phosphorylation
(OxPhos), or mitochondrial respiration, takes place to supply energy
(ATP) from the oxidation of reducing equivalents (NADH, FADH2).
Oxygen, the ﬁnal electron acceptor in OxPhos, seldom reacts to
form highly Reactive Oxygen Species (ROS) [1–3]. Under physiological
conditions, the living cells can metabolize ROS by means of their
detoxifying systems [1,4]. Under oxidative stress, however, the cells
may undergo disturbances of their regulatory pathways, as well as
DNA and protein damage that lead to metabolic unbalance and to
increasing ROS levels. Proteins can be inactivated andundergo oxidative
unfolding, thereby becoming key targets for proteasomal degradation
[4] and/or for alternative enzymatic proteolysis. Miss-folded proteins
often lose their activity and solubility as they tend to aggregate and,
consequently, become unsusceptible for proteolytic degradation [5].One of the most deleterious reactive species is the strong oxidant
peroxynitrite, which is a Reactive Nitrogen/Oxygen Species (RNOS)
formed by the reaction between superoxide anion and nitric oxide,
which serves in vivo as a nitrating agent [6]. Actually, the enhanced
nitric oxide synthesis is related to nitrotyrosine formation [7–10],
which has been detected in disease-affected tissues [11–16] under
nitro-oxidative stress.
Mn-superoxide dismutase (MnSOD) is the ﬁrst protein whose in
vivo nitration was reported [16–18]. Later, other nitrated proteins
were also detected in vivo, such as cytochrome c (Cc) [19–20].
Under homeostatic conditions, Cc acts as an electron shuttle between
the cytochrome bc1 and cytochrome c oxidase (CcO) complexes in
mitochondria [21]. Under apoptosis, however, Cc binds to and oxidizes
the mitochondria-speciﬁc phospholipid cardiolipin (CL) [22]. This
allows the translocation of Cc from mitochondria to the cytoplasm,
where it triggers the apoptosis pathway upon binding to the Apoptosis
protease-activation factor-1 (Apaf-1) to form the apoptosome [23,24].
Respiratory Cc contains between four and six tyrosine residues
(see Fig. 1) [25–29] that can be nitrated by peroxynitrite. Actually,
in vivo nitration of Cc has widely been reported in the literature
[27,28]. The physicochemical and functional properties of Ccmodiﬁed
by chemical nitration with peroxynitrite have previously been
investigated [26,27,29]. It has been demonstrated that Cc is involved
in two opposite biological functions: cell life (mitochondrial respiration)
and cell death (cytoplasmic apoptosis), which are drastically impaired
by nitration [26,30]. However, nitration substantially increases the
Fig. 1. Structural features of human Cc. (A) Ribbon representation of the NMR structure of human Cc (PDB code 1J3S), with its ﬁve tyrosine residues highlighted in green and gray.
The heme group is colored in orange, with its two axial ligands in blue. (B) Amino acid sequence alignment of human (Homo), plant (Arabidopsis) and horse (Equus) Cc. Human and
plant Cc have ﬁve or six tyrosines, respectively, whereas horse Cc only contains four tyrosines. Fully-conserved Tyr48 is colored in green. Human and plant Tyr46 is also in green, but
the substituting phenylalanine in horse Cc is in red.
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modiﬁcation.
The addition of an−NO2 group to any Cc tyrosine yields different
effects depending on the residue position at the hemeprotein structure.
In previous reports [26,32], we describe how nitration of Tyr67 and
Tyr74 modulates the Cc functions, whereas nitration of Tyr97 has not
many functional effects. Interestingly, these three tyrosines appear as
nitrotyrosines in different tissues from which Cc has been isolated. In
contrast, there is no biological evidence of in vivo nitration of either
Tyr48 (which is a highly conserved residue in all organisms) or Tyr46
(which is only present in human and plant Cc) (Fig. 1), despite the
fact that they are both well exposed to solvent. In addition, Tyr46 and
Tyr48 are close to the heme group, which can catalyze the nitration
reaction [10,33].
To analyze the speciﬁc effect of Cc nitration at tyrosines 46 and 48,
here we characterize the changes in heme coordination and alkaline
transition, along with the concomitant increase in peroxidase activity,
of Ccmutants in which all their tyrosines –with the only exception of
that at position 46 or 48 – are replaced by phenylalanine. Degradation
of the twomonotyrosine Ccmutants is also determined in cell extracts
since Cc nitrated at Tyr46 and/or Tyr48 could strictly be regulated by
cellular proteases, which can speciﬁcally recognize and degrade the
high-spin nitrated Cc population.
2. Material and methods
2.1. Sample preparation
Recombinant humanCc – either theWTspecies or themonotyrosine
mutants inwhich only Tyr46 or Tyr48 is present (the so-called h-Y46 or
h-Y48 variants) – were expressed in E. coli DH5α strain and further
puriﬁed by ionic exchange chromatography, as previously described
[26,32]. Peroxynitrite synthesis and nitration of the different Cc samples
were as reported in [26,32,33], with the following modiﬁcations:
Fe3+-EDTA concentration and the number of peroxynitrite additions
were increased up to 1.5 mM and 10 bolus additions, respectively.
The nitration reaction was performed under acidic conditions (pH
5.0). The resulting nitrated Cc species were intensively washed
with 10 mMpotassium phosphate (pH 6.0) and puriﬁed as explained
in Supplementary materials. The mononitrated Cc preparations were
puriﬁed to 95% homogeneity, and the molecular mass of the samples
was checkedbyMALDI-TOF spectroscopy (Bruker-Daltonics, Germany).
The mononitrated Ccmutants are herein named h-Y46:N and h-Y48:N.
Samples were concentrated up to 0.2–2.0 mM in 5 mM sodium
phosphate buffer (pH 6).2.2. Circular Dichroism spectroscopy
Circular Dichroism (CD) spectra were recorded in a 1-mm quartz
cuvette. The secondary structure of oxidized Cc samples was analyzed
by recording far-UV CD spectra (185–250 nm) at 25 °C. Protein
concentration was 3 μM in 5 mM sodium phosphate buffer (pH 6),
supplemented with 10 μM potassium ferricyanide. Thermal unfolding
was monitored between 30 and 105 °C by recording the CD signal at
220 nm. Oxidized Cc at 3 μM ﬁnal concentration was in 5 mM sodium
phosphate (pH 6), supplemented with 10 μM potassium ferricyanide.
The loss of heme axial coordination of the Cc species wasmonitored
between 15 and 105 °C by following the CD spectral changes at 415 nm.
Ccwas at 30 μM ﬁnal concentration in 5 mM sodium phosphate (pH 6),
supplemented with 100 μM potassium ferricyanide.
Theoretical ﬁtting of experimental data was performed using a
two state native-denatured model [34].
2.3. NMR spectroscopy
Nuclear Magnetic Resonance (NMR) spectra were recorded at 25 °C
on a Bruker Avance DRX spectrometer operating at 500 MHz 1H
frequency. Samples contained 0.4–0.6 mM Cc in 90% H2O/10% D2O
solutions of 5 mM sodium phosphate buffer (pH 6.0) supplemented
with 0.2 mM potassium ferricyanide. A spectral width of 20 ppm was
used for recording standard diamagnetic 1D 1H NMR spectra. Water
suppression was achieved by applying pre-saturation pulses [35].
Spectral processing required a sine-square window function, as well
as a polynomial base-line correction, which was made automatically.
The standard Bruker DiffusionOrdered Spectroscopy (DOSY) protocol
was used on the spectrometer equippedwith a TBI probe. Thirty-two 1D
1H spectra were collected with a gradient duration of δ=1ms and an
echo delay of Δ=100ms. Acquisition time of 16 min was required. The
ledbpg2s pulse sequence, with stimulated echo, longitudinal eddy
current compensation, bipolar gradient pulses, and two spoil gradients,
was run with a linear gradient (50 G cm−1) stepped between 2%
and 95%. The 1D 1H spectra were processed and automatically baseline
corrected. The diffusion dimension, zero-ﬁlled to 4 k, was exponentially
ﬁtted according to preset windows for the diffusion dimension
(−8b logDb−13).
For pH titration, thepHwas adjusted to thedesired value by addition
of small volumes of 0.1–0.5 M NaOH or 0.1–0.5 M HCl solutions. The
1D 1H spectra were recorded using the superWEFT pulse sequence
(RD-P180-τ-P90-AQ) to observe the fast relaxing signals [36]. In the
superWEFT experiments, the spectral window was 100 ppm, the
acquisition plus the relaxation delays were 32 ms and the inter-pulse
Fig. 2. Effect of nitration on the structure of oxidized monotyrosine Cc mutants.
(A) Far-UV CD spectra of non-nitrated (black line) or nitrated (red line) Cc mutants.
(B) 1D diamagnetic NMR spectra of the non-nitrated (black) or nitrated (red) Cc species.
(C) DOSY measurements of the non-nitrated (left) or nitrated (right) Cc variants. All
samples were prepared as described under Material and methods section.
1618 I. Díaz-Moreno et al. / Biochimica et Biophysica Acta 1807 (2011) 1616–1623delay, τ, was typically around 40 ms. An exponential window function
combined with a polynomial base-line correction was used for spectral
processing. The pKa values of non-nitrated h-Y46 and h-Y48 were
determined by ﬁtting the volume of heme methyl 8, heme methyl
3 and Met80 methyl signals as a function of pH to the Henderson–
Hasselbalch equation.
2.4. EPR spectroscopy
Electron Paramagnetic Resonance (EPR) spectra were recorded at
−258 °C. Samples contained 100 μMCc in 10 mM phosphate buffer at
different pH values.
2.5. Optical absorption spectroscopy
Electronic absorption spectra of the Cc species were recorded in the
600–750 nm range to analyze the band centered at 699 nm, indicative
of the heme iron-Met-80 coordination [37]. In a 1-mL quartz cuvette
of a 10-mm path length, 0.6 mM Cc were in 5 mM sodium phosphate
buffer, supplemented with 0.2 mM ferricyanide. For pH titration, the
pH was adjusted at the desired value by adding small aliquots of
0.1–0.5 M NaOH or 0.1–0.5 M HCl solutions.
2.6. Peroxidase activity assay
The peroxidase activity of the different Cc species was determined
by following the increase in ﬂuorescence at 522 nm of reduced 2′,7′-
dichlorodihydroﬂuorescein diacetate (H2DCF) upon oxidation by
hydrogen peroxide, as previously described [38] with minor modiﬁca-
tions [32]. Each sample contained 1 μM Cc, 500 nM H2DCF and 50 mM
sodium phosphate buffer at a pH value ranging between 5 and 9.
2.7. Degradation of nitrated and non-nitrated Cc by cellular proteases
To follow the degradation time course of the nitrated and non-
nitrated Cc species, 100 μg of Jurkat cell extracts were obtained and
treated as previously described [32], though no protease inhibitors
were added. Endogenous Cc was removed by incubating the cell
extracts with small amounts of carboxymethyl-cellulose for 10 min
with gentle stirring at 4 °C. Samples were centrifuged twice at
12,000 rpm for 10 min at 4 °C in order to discard thematrix. TheWestern
Blot analysis using antibodies against Cc (data not shown) revealed the
absence of endogenous Cc.
Cell extracts devoid of Cc were mixed with the nitrated or non-
nitrated forms of WT Cc and monotyrosine mutants at 1 μM ﬁnal
concentration during 24 h. Differences in degradation lifetime of
the nitrated or non-nitrated hemeprotein were demonstrated by
collecting aliquots of each sample (with the same amount of protein)
every 3 h during the ﬁrst 12 h, along with a ﬁnal aliquot after 24-h
incubation. All aliquots were stored at −80 °C before being loaded
onto 6% polyacrylamide electrophoretic gels and transferred to
nitrocellulose membranes (Trans-Blot, BioRad). Experimental details
on Western Blot assays and gel quantiﬁcation can be found in the
Supplementary materials.
3. Results
3.1. Changes in secondary structure and protein aggregation
Nitration of tyrosines 46 and 48 barely affects the secondary
structure of the mutant Cc species. Fig. 2A shows the CD spectra of
oxidized h-Y46 and h-Y48 compared with their nitrated species.
The analysis of the CD spectra indicates a slight increase in α-helix
content, compared toWT Cc, at the expense of extended conformations
(see Table S2 in the Supplementary materials). These results are in
agreement with the trend of phenylalanine to be preferably in helices[39], and also in agreement with the behavior of other monotyrosine
Cc mutants [32]. The proximity of residues 46 and 48 to the N-end of
the second α-helix could explain the extension of such helix upon
tyrosine by phenylalanine replacements. However, the Tyr-by-Phe
substitutions themselves keep the overall secondary structure of Cc
unaltered, and so no enhanced nitration of the remaining Tyr46 or
Tyr48 could be observed.
As a control, the oxidized Cc mutant with all its tyrosine residues
substituted by phenylalanines (h-Null) was submitted to nitration
by peroxynitrite. Such a chemical treatment of Cc may eventually
lead to methionine oxidation [40], though no signiﬁcant differences
in far-UV CD spectra were observed between h-Null and h-Null:N
[32]. Interestingly, the nitrated and oxidized WT Cc species (h-WT:
N), which is a mixture of differently nitrated Cc forms (including
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similar to that previously described for h-Y67:N and h-Y74:N [32].
Nitration of Tyr46 and Tyr48 hardly affects the secondary structure
of oxidized Cc but induces a large signal broadening in diamagnetic 1H
NMR spectra (Fig. 2B). The signal at−1.9 ppm is lost. Thus, the signal
dispersions of amide andmethyl protons of the nitrated Cc formswere
difﬁcult to compare against those of the non-nitrated species. DOSY
experiments were performed to test whether the line broadening is
due to protein aggregation, but the diffusion coefﬁcient remains
unchanged when Cc is chemically modiﬁed (Fig. 2C), thereby showing
that nitration does not promote protein aggregation at the concentra-
tions required for NMR measurements.
3.2. High-spin and low-spin heme populations in nitrated Cc mutants
Once protein aggregation is discarded, the large line-widths in the
diamagnetic 1H NMR spectra of oxidized h-Y46:N and h-Y48:N could
be ascribed to changes in the heme moiety. Hence, we recorded para-
magnetic 1H NMR spectra using the superWEFT pulse sequence [41].
As the high-spin Fe(III) species gives rise to paramagnetically shiftedFig. 3. Detection of high-spin heme upon nitration of Tyr46 and Tyr48 of human Cc. (A) Sup
nitrated Cc forms at varying pH values, which are marked on the left of each spectrum. The r
starting point of the titration. The alkaline transition pKa value for each Cc mutant is su
non-nitrated – by recording the last 1D 1H NMR spectrum at the initial pH value (data
mutants at the following pH values: 6.7 (solid line), 8.0 (dashed line) and 9.6 (dash-do
obtain the pKa value for each monotyrosine Cc mutant, as summarized in Table 2. (C) Vi
The well-characterized positive-in-sign and negative-in-sing bands (at ca. 401 and 415 nm, r
is characteristic of nitrated species. (D) EPR spectra of the non-nitrated and nitrated Cc form
low-spin signal (gz 3.2). The background spectrum of the sample buffer has been subtracte
the low spin signals are summarized in Table 1.resonances in the 60–100 ppm range, the spectral windowwas selected
to display the fast relaxing resonances corresponding to hememethyl 8,
heme methyl 3 and heme axial ligand Met80 — which can all be
detected in proteins so large as Cc. Interestingly, the heme methyl
signals disappear at the physiological mitochondrial pH value in the
spectra of h-Y46:N and h-Y48:N (Fig. 3A). We attribute the major
population – with signals broaden beyond detection − to penta-
coordinated high-spin heme iron, though the remaining tiny signal
corresponding to Met80 reveals a small population of low-spin species.
The presence of high-spin species was inferred from the 625-nm
band of the nitrated mutants at neutral pH (Fig. 3B). Whereas the
699-nm signal of the non-nitrated forms corresponds to an intact
Fe(III)–Sδ(Met80) bond, the 625-nm band of the nitrated species
can be ascribed to ferric high-spin heme iron [42,43]. Notably, the
band at 699 nm is absent in the spectra of the nitrated forms, thus
suggesting that the addition of an −NO2 group to Tyr46 or Tyr48
can disrupt the bond between the Fe(III) ion and Met80.
The Fe(III)–Sδ(Met80) coordination can bemonitored by visible CD
spectroscopy as well [44,45]. Non-nitrated mutants show the typical
B-band splitting of folded, low-spin Cc (Fig. 3C): a negative-in-signerWEFT 1D 1H NMR spectra showing the paramagnetic region of the non-nitrated and
esonances of the heme methyl groups and the Met80 methyl signals are marked at the
mmarized in Table 2. Reversibility is corroborated for both mutants – nitrated and
not shown). (B) Electronic absorption spectra of the non-nitrated and nitrated Cc
tted line). The full set of data was ﬁtted to the Henderson–Hasselbalch equation to
sible CD spectra of the non-nitrated (solid line) or nitrated (dashed line) Cc species.
espectively) are shown for the non-nitrated forms. The loss of the negative-in-sign band
s, as recorded at pH 6 (solid line) and 8 (dotted line). The arrow points out to a new
d, and the baseline has been corrected using a 3rd power polynomial. The g-values of
Table 2
Alkaline transition pKa of the WT and mutant Cc species, as determined by optical and
NMR spectroscopy.
A699nm titration NMR titration
Non-nitrated Nitrated Non-nitrated Nitrated
h-WT 9.5±0.2 n.d.a 9.3±0.1 n.d.a
h-Y46 13.2±1.7 6.7±1.5b ≥10.0 n.d.c
h-Y48 11.4±0.3 7.2±0.1b ≥10.5 n.d.c
h-Nulld 11.6±0.9 11.6±1.6 ≥10.0 ≥10.0
See Refs. [32] and [51].
a n.d., not determined, because the polynitrated h-WT sampleswere not homogeneously
nitrated.
b Alkaline transition pKa values were calculated by following the loss in intensity of
the 625-nm band throughout pH titration.
c n.d., not determined, due to the absence of methyl NMR signals corresponding to
the heme and the axial ligand Met80.
d The h-Null mutant, with all its tyrosines replaced by phenylalanines, was submitted
to the same nitration protocol as the other Cc species as a control.
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h-WT, and a positive-in-sign band centered at ca. 400, 402 and 406 nm
for h-Y46, h-Y48 and h-WT, respectively. Such shifts of the Soret band
indicate that the tyrosine-by-phenylalanine substitutions alter in
some way the heme moiety. Actually, the visible CD spectra of other
monotyrosine Cc mutants reveal similar shifts (data not shown).
Furthermore, the loss of the negative-in-sign band of the h-Y46:N
and h-Y48:N species (Fig. 3C) suggests the loss of the sixth axial ligand
[46].
High-spin systems can be easily characterized by EPR. At pH 6.0,
oxidized h-Y46 and h-Y48 mainly exhibit two resonances, with
g-values of 3.0 and 2.26 (Table 1). This corresponds to a major
population of hexa-coordinated low-spin iron, in agreement with
NMR, CD and visible absorption data. On the other hand, the EPR spectra
of the nitrated protein samples are dominated by resonances at 6.04
and 5.6, corresponding to high-spin Fe(III) in a tetragonal ligand ﬁeld
(Fig. 3D). This agrees with the 625-nm band observed in the absorption
spectra and the loss of the negative-in-sign band in the visible CD
spectra.
In agreement with the NMR data, a small population of low-spin
Cc species is detected. The observed g-values (Table 1) are indicative
of a perturbation of the heme moiety.
All the EPR spectra show a low-intensity signal at g=4.3, charac-
teristic of a high-spin ferric species with rhombic symmetry, which
indicates a small population with a disrupted iron site.
Oxidized Cc shows at least ﬁve distinct conformations within the
1–12 pH range. They differ in the heme iron axial coordination and/
or in protein folding [37,47,48]. The so-called alkaline transition, in par-
ticular, is the conversion of Cc state III into state IV, and speciﬁcally con-
sists in the replacement of the sixth iron ligand, Met80, by either Lys72
or Lys79 [49,50]. The addition of an−NO2 group to Tyr74 [32,51] and
the tyrosine-by-glutamate substitution at position 48 [52] lower the al-
kaline transition pKa toward near-to-neutral pH values, therebymaking
the alkaline transition a phenomenon of biological relevance.
The fast relaxing 1H NMR resonances of h-Y46 and h-Y48 corre-
sponding to heme methyls 8 and 3 and to Met80 methyl are similar to
those of h-WT [32]. With all the Cc samples, the down- and up-ﬁeld
signals underwent substantial broadening on pH titration. At alkaline
pH, the heme methyl signals resonate between 15 and 30 ppm,
whereas the loss of the intense up-ﬁeld signal at ca.−20 ppm (corre-
sponding to the ε-CH3 group of Met80) unequivocally evidenced
the detachment of Met80 from the heme iron. Therefore, the changing
intensity of both the NMR signals and the 699-nm band with pH
[53] indicates that the tyrosine-by-phenylalanine mutations make
the alkaline transition pKa shift toward higher values (Fig. 3A and B,
Table 2). This ﬁnding could be ascribed to the loss of the −OH
group at the level of the phenolic ring and to the rearrangement of
the H-bond network [32]. In contrast, the addition of an−NO2 radical
at positions 46 or 48 uponperoxynitrite treatmentof bothmonotyrosine
mutants promotes a drastic decrease in the pKa value, as determined by
following the 625-nm absorbance changes at varying pH (Fig. 3B;
Table 2). Actually, the 625-nm pKa values are 6.7±1.5 and 7.2±0.1
for h-Y46:N and h-Y48:N, respectively. In a previous report [32], weTable 1
EPR data for low-spin population of non-nitrated and nitrated Cc mutants.
Protein pH gy gz
h-Y46 6.0 2.26 3.00
h-Y48 6.0 2.26 3.00
h-Y46:N 6.0 2.26 2.93
h-Y48:N 6.0 2.26 2.89
h-Y46 8.1 2.26 3.00
h-Y48 8.1 2.26 3.00
h-Y46:N 8.1 2.28 2.92
h-Y48:N 8.1 2.26 2.92
h-Y48:N 8.1 n.d. 3.20discarded that the chemical treatment is responsible for such a pKa
decrease as the alkaline transition pKa value of the h-Null mutant
does not change upon peroxynitrite treatment (Table 2).
The shapes of the EPR spectra of the h-Y46, h-Y48, h-Y46:N and
h-Y48:N change signiﬁcantly with increasing pH, as observed in the
spectroscopic data herein presented. Actually, the signal corresponding
to penta-coordinated high-spin iron decreases to half amplitude at pH
8. Simultaneously, the low-intensity signal with gz equal to 3.2, which
is characteristic of low-spin ferri-heme iron, can be ascribed to a
fraction of the alkaline form.
3.3. Thermal stability of nitrated Cc mutants
As inferred from the comparison between the CD spectra of non-
nitrated and nitrated Cc species (Fig. 2A), nitration hardly alters the
secondary structure of Cc. So we tested whether the addition of an
−NO2 group affects the thermal stability of the protein. As shown
in Table 3, the differences in the midpoint melting temperature (Tm)
of non-nitrated Cc mutants are unnoticeable. In addition, h-Y46:N
and h-Y48:N only show minor changes in their Tm values regarding
their respective non-nitrated forms (Fig. 4). Nitration at position 48
destabilizes the hemeprotein in 2.5 °C, whereas the binding of an
−NO2 group to Tyr46 decreases the Tm value in 1.6 °C (Table 3).
3.4. Peroxidase activity of nitrated Cc mutants
Most of hemeproteins, including Cc, exhibit peroxidase activity
upon reaction with H2O2, through the formation of a Compound-I
type species [54]. The peroxidase activity of the non-nitrated h-Y46
and h-Y48mutants,with six-coordinated heme iron, is almost negligible,
but increases signiﬁcantly at alkaline pH and speciﬁcally at pH values
above 7.5 (Fig. 5A). Such an increase is observed even when the
Fe–Sδ(Met80) bond remains “intact”, as previously observed for
other tyrosine mutants [25,32,33]. In contrast, the yields of an
end ﬂuorescent product with the nitrated Cc mutants – h-Y46:N
and h-Y48:N – are signiﬁcantly greater (Fig. 5) within the pH
range assayed. This can be ascribed both to a shorter lag phase
and to a slight increase in the slope of the kinetics with theTable 3
Tm values of the WT and mutant Cc species.
Non-nitrated Nitrated
h-WT 85.9±0.2 n.d.
h-Y46 87.2±0.4 85.6±1.8
h-Y48 86.2±0.5 83.4±1.3
h-Null 85.3±0.2 85.0±0.5
Fig. 4. Effect of nitration on the thermal stability of oxidized Ccmutants. The changes in
the 220-nm CD signal of the non-nitrated (black circles) and nitrated (white circles) Cc
forms were determined at varying temperatures. Fitting curves for the non-nitrated
and nitrated species are in continuous or dashed lines, respectively. The midpoint melting
temperature (Tm) is indicated by vertical lines, which are continuous or dashed for the
non-nitrated or nitrated species, respectively. Tm values are summarized in Table 3.
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slope with Y46:N – are observed at physiological pH.
It is well known that tyrosine nitration can enhance the gain of Cc
in peroxidatic activity [25,31–33]. However, only the addition of an
−NO2 group to Tyr46 and/or Tyr48 turns Cc into a peroxidase enzyme
after incubation with H2O2 (Fig. 5). This phenomenon could be
favored by the shift of the alkaline transition pKa value (Table 2) toward
neutral pH. Noteworthy, the structure of the alkaline low-spin form of
yeast iso-1-ferricytochrome [50] shows a large accessibility of the
heme ring to the H2O2 molecules.
3.5. Speciﬁc degradation of nitrated Cc species
To check whether the high-spin, nitrated h-Y46:N and h-Y48:N
forms could be more efﬁciently degraded inside the cells, a Western
blotting analysis in Jurkat cell extracts was run. The cells were devoid
of proteases inhibitors and incubated with nitrated and non-nitrated
h-Y46 or h-Y48 at 1 μM ﬁnal concentration. As can be seen in Fig. 6A
and B, speciﬁc degradation of the two monotyrosine mutants is onlyFig. 5. In vitro peroxidase activity of oxidized Cc mutants. The peroxidase activity of
the nitrated and non-nitrated Cc forms was determined by following the increase
in ﬂuorescence concomitant to oxidation of 2′7′-dichloroﬂuorescein (H2DCF). BSA
was used as a control. Results are the average of at least eight independentmeasurements.
The pH values were: 7.0 (black), 7.5 (red), 8.0 (green), 8.5 (dark blue) and 9.0 (dark
yellow).observed when they are nitrated: the signal intensity drastically
decreases after 3 h or 6 h of incubation in the case of h-Y46:N
and h-Y48:N, respectively. Neither α-tubulin, used as load control,
nor the non-nitrated Ccmutants experience any degradation in 24 h.
The intensity of the polynitrated h-WT:N Cc signal decreases
throughout the assay (Fig. 6C) because the sample is not homogeneous
and contains Cc molecules that differ in the number of tyrosines
nitrated. Nitration of Tyr97, in particular, hardly affects the Cc degrada-
tion rates. Actually, the h-Y97 mutant remains stable regardless of
whether the protein is nitrated or not (Fig. 6D). Image quantiﬁcation
is presented in Fig. S1.
4. Discussion
As stated in the Introduction section, mitochondria are the primary
locus for R(N)OS production under nitro-oxidative stress. R(N)OS are
responsible for oxidation of tyrosine to nitrotyrosine, thereby causing
the loss or gain of function ofmanyproteins. Themain target for R(N)OS
in mitochondria is respiratory Cc, which is nitrated and nitrosylated in
vivo. Actually, Cc nitration has been detected in vitro at tyrosines 67,
74 and 97 [25,29,33,51] and in vivo at Tyr67 [55]. In vitro nitration of
both Tyr46, which is only present in human and plant Cc, and Tyr48,
which is well conserved in Cc from all organisms (Fig. 1), has recently
been inferred from the speciﬁc detection of peptides containing nitrated
Tyr46 and/or Tyr48 upon tryptic digestion and MALDI-TOF analyses of
the Cc monotyrosine mutants (see Supplementary materials). It is
worth to mention that the Tyr-by-Phe substitutions may increase
the nitration yield of the remaining Tyr46 or Tyr48 residues in these
mutants. However, in vivo nitration of these two residues remains
undetectable although they are located in a loop that makes them
both well accessible to RNOS [56]. Further studies are necessary to
check whether Tyr46 and/or Tyr48 are post-translationally modiﬁed
by nitration in vivo.
Nitration of Tyr46 or Tyr48 does not alter the overall folding and
thermal stability of the hemeprotein (see Figs. 2 and 4, respectively),
butmakes theheme group lose the sixth ligand (Met80) at physiological
pH values (Fig. 3). It has previously been reported that Tyr48-OH binds
to the carboxyl group of the ring A propionate [32], and that nitration of
free tyrosine shifts the pKa of such a hydroxyl group toward neutral
values [29]. Also nitration of Tyr46 and/or Tyr48 speciﬁcally alters the
surroundings of the heme propionates, thereby damping the Fe–Sδ
(Met80) bond, and turns the alkaline transition into a physiologically
relevant process. Actually, the 625-nm band and the 6.04-g EPR signal,
which both correspond to penta-coordinated high-spin Fe(III) iron,
fade throughout the pH titration.
It is worth noting that Cc becomes a high-spin species upon Tyr46
or Tyr48 nitration, a ﬁnding that may explain the drop of ca. 100 mV
in the midpoint redox potential value of nitrated Cc species [26]. Such
a drop in redox potential roughly follows the equilibrium ratio
between high- and low-spin heme populations [57], thereby partially
disrupting the cellular respiration because Cc is no longer isopotential
with cytochrome c1 and becomes unable to accept electrons from the
cytochrome bc1 complex. The excess in R(N)OS yielded from the ﬁrst
complexes of the respiratory chain under nitro-oxidative stress could
lead to a positive nitration-driven feedback cycle, with cytochrome
bc1 promoting the increase of R(N)OS and nitrated Cc levels. So the
lifetime of nitrated Cc at positions 46 and/or 48must be strictly regulated
by the cells so as to avoid the electron ﬂux blocking and R(N)OS
generation.
On the other hand, nitration of Tyr46 and Tyr48 makes the gain of
peroxidatic activity of Cc easier. Actually, the speciﬁc addition of an
−NO2 group at positions 46 and/or 48 converts Cc into a peroxidase
enzyme right after incubation with H2O2, with no lag phase, as is the
case with h-Y74:N [32]. However, the high-spin (penta-coordinated)
populations of h-Y46:N and h-Y48:N show a 5-fold increment in
enzymatic activity under physiological (mitochondrial) pH conditions.
Fig. 6. Degradation assays of oxidized Ccmutants based onWestern Blot. Non-nitrated or nitrated h-Y46 (A), h-Y48 (B), h-WT (C) and h-Y97 (D) species were incubated with Jurkat
cell extracts devoid of protease inhibitors for a total period of 24 h, and further detected byWestern Blot with antibodies against Cc. Protein degradation was recorded at 0, 3, 6, 9, 12
and 24 h. As a load control, α-tubulin was used. Puriﬁed human Cc (0.1 μM) was used as positive control of Western Blot.
1622 I. Díaz-Moreno et al. / Biochimica et Biophysica Acta 1807 (2011) 1616–1623Upon nitration, the high-spin h-Y46:N and h-Y48:N species are more
efﬁciently degraded in cell extracts than any other low-spin Cc form,
whether non-nitrated or nitrated. It thus seems that only speciﬁc
nitration of the tyrosines that turn the heme iron state to high-spin
may predispose Cc to proteolysis (Fig. 6).
A question to be answered concerns whether nitration of Tyr46
and/or Tyr48 can efﬁciently trigger the peroxidation of mitochondrial
lipid membranes – and, in particular, of CL – under nitro-oxidative
stress at the earlier steps of apoptosis. It is well-documented that
the Cc–CL interaction leads to the conversion of the hemeprotein
into a high-spin system upon disruption of the Fe–Sδ (Met80) bond
[22,58,59], thus enhancing the Cc peroxidase activity by increasing
the access of H2O2 to the heme iron. Actually, post-translationally
modiﬁed Cc, either by nitration or phosphorylation, may tune the
afﬁnity of Cc toward CL [32,60]. It thus seems that the pool of
nitrated Cc at Tyr46 and/or Tyr48 may be preferably associated to
the mitochondrial membrane as the CL acyl chain could be more
easily allocated between the hydrophobic Cc stretches of residues
67–71 and 82–85 [61,62] after disruption of the Fe–Sδ (Met80)
bond.
Under nitro-oxidative stress, the higher intracellular peroxidase
activity of Cc nitrated at tyrosine 46 and/or 48 could induce CL perox-
idation and the spontaneous release of non-nitrated Cc [63], from
mitochondria at the ﬁrst steps of the apoptotic signaling pathway. To
contribute to the peroxidation cycle feed-back, Cc nitrated at positions
46 and/or 48 may also act as a R(N)OS scavenger by reducing the
p66Shc protein and making H2O2 generation easier [64].
Recently, Hüttemann and co-workers have reported that Cc is
phosphorylated in vivo at Tyr48 under homeostatic conditions [65,66],
thereby acting as an anti-apoptotic switch that fails in CL binding and
CL peroxidation [52,65]. It has previously been reported that nitration
and phosphorylation of the same tyrosine residue are mutually
exclusive [67]. So (anti-apoptotic) Tyr48 phosphorylation could
impair nitration of the same residue and prevent Cc to yield
any peroxidase activity under homeostatic conditions, whereas
(pro-apoptotic) Tyr48 nitration could act as a mechanism to trigger
early apoptosis after nitro-oxidative stress.
5. Conclusion
Upon nitration of tyrosines at positions 46 or 48, the population of
Cc with the Fe–Sδ (Met80) bond disrupted becomes predominant.Such high-spin nitrated Cc species may act as a signaling mechanism
to trigger inside the cells the speciﬁc and efﬁcient degradation of Cc
by proteases.
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